Impaired growth factor production, angiogenic response, macrophage function, and collagen accumulation have been shown to delay wound healing. Delayed wound healing is a debilitating complication of diabetes that leads to significant morbidity. In this study, curcumin and Lithospermi radix (LR) extract, which are used in traditional Chinese herbal medicine, were added within nanofibrous membranes to improve wound healing in a streptozotocin (STZ)-induced diabetic rat model. Gelatin-based nanofibers, which were constructed with curcumin and LR extract at a flow rate of 0.1 mL/hour and an applied voltage of 20 kV, were electrospun onto chitosan scaffolds to produce bilayer nanofibrous scaffolds (GC/L/C). The wounds treated with GC/L/C exhibited a higher recovery rate and transforming growth factor-beta (TGF-β) expression in Western blot assays. The decreased levels of pro-inflammatory markers, interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), provided evidence for the anti-inflammatory effects of GC/L/C treatment. Chronic wounds treated with GC/L/C achieved better performance with a 58 ± 7% increase in recovery rate on the seventh day. Based on its anti-inflammatory and wound-healing effects, the GC/L/C bilayer nanofibrous scaffolds can be potential materials for chronic wound treatment.
Introduction
Wound healing is a complex event, requiring the interactions of many cell types, including inflammatory cells, fibroblasts, keratinocytes, and endothelial cells, as well as the involvement of growth factors and enzymes [1, 2] . The progress of the healing process is impaired in chronic wounds, including those due to diabetes. Impaired growth factor production, angiogenic response, macrophage function, and collagen accumulation have been shown to delay the wound healing process [3, 4] . Delayed wound healing is a major clinical problem for patients with diabetes. There are various 2.1. Biochemical Analysis of Curcumin 2.1.1. Cell Viability Assay L929 cells were cultured at 1 × 104 cells/well in a 96 well-culture dish. The cell viability was performed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Add MTT made up in the medium to a final concentration of 0.5 mg/mL. The microplate was incubated at 37 • C for 4 h. After removing the medium from the microplate, the solubilizing solution was added to each well. After shaking for 3 min, the optical density was read at a wavelength of 570 nm using an ELISA reader (Molecular Devices, San Jose, CA, USA).
Cell Migration Assay
L929 cell was planted at 8 × 10 4 cell/well in the 12 well-culture dishes and using a tip to draw a line in the middle of culture dish after 24 h incubation. Each well was washed with PBS buffer for 3 times and added 9:1 culture medium with different concentrations of curcumin. After incubation for 48 h, L929 cells were stained with Liu's stain and observed using an inverted microscope (Axiovert, 25).
Tyrosinase Inhibition Assay
Tyrosinase inhibitory assay was performed with l-3,4-dihydroxyphenylalanine (L-DOPA) as a substrate. The inhibition activity was measured by a spectrophotometric method that used a modified dopachrome method. Forty microliters of curcumin solutions at different concentrations were added into each well of a 96-well plate with 140 µL of 2 mg/mL L-DOPA and 20 µL of 10 U/µL tyrosinase. After incubation at room temperature for 30 min, the absorbance was read using an ELISA reader at a wavelength of 475 nm. The percentage of tyrosinase inhibition was calculated as follows: % tyrosinase inhibition = ((Ab control − Ab sample )/Ab control ) × 100%
(1)
Preparation of Gelatin/Chitosan Bilayer Nanofibrous Scaffolds (GC)

Preparation of Chitosan Scaffolds
Chitosan solution with the concentration of 2 wt% was prepared by dissolving the chitosan powder in 2 v/v% acetic acid under magnetic stirring at 200 rpm for 4 h at room temperature. Planar membranes were performed by pouring five milliliters of the chitosan solution into a 6-cm-diameter dish and frozen at −80 • C for 24 h before lyophilization. The dried chitosan scaffolds were neutralized with 1 N NaOH for 1 h and then copiously rinsed with deionized water. After freeze-dried, the chitosan scaffolds were cross-linked with 50% glutaraldehyde for 45 min.
Preparation of GC/L/C Bilayer Nanofibrous Scaffolds
Gelatin solution with a concentration of 17 wt% was prepared by dissolving 1.53 g gelatin powders in 9 mL formic acid (85%). A clear aqueous solution of polyvinyl alcohol (10 wt% PVA) solution prepared by dissolving 1.0 g PVA in 9 mL deionized water at 70 • C was added to the gelatin solution with a gelatin/PVA ratio of 9/1 v/v. The solution was agitated at room temperature for 1 h. Four hundred µg/mL curcumin and 625 µg/mL LR extract were added to the gelatin/PVA solution to produce gelatin/PVA/L/C solution. Then the gelatin/PVA solution containing curcumin and LR extract was electrospun onto the chitosan scaffolds to produce the GC/L/C bilayer scaffold. The collection distance was 10 cm. The applied voltage was controlled at 20 kV. The solution flow rate was 0.1 mL/h. After electrospinning, the nanofibers were cross-linked in 50 wt% glutaraldehyde vapor for 45 min. The prepared GC/L/C bilayer nanofibrous scaffolds were sterilized with ultraviolet (UV) radiation for 1h. 
Microscopic Structure Evaluation
The structure of dry GEL nanofibers was observed by using a Field emission scanning electron microscopy (FE-SEM; JEOL JSM-6700F, Tokyo, Japan). The fiber diameters were measured as mean values of 20 measurements in the SEM images and analyzed using Image J.
In Vitro Biocompatibility Assay
The biocompatibility of the membranes was performed on mouse fibroblasts (L929). The electrospun membrane was cut into a circle with a diameter of 1.5 cm in a 24-well plate and sterilized with UV radiation for 1 h. The L929 cells were grown in triplicate with the membrane-conditioned well at a density of 1 × 10 4 cells/well in a 24-well, flat-bottomed tissue culture plate in triplicate. After 48 h-incubation, the MTT assay was performed to evaluate the cell viability.
Immunofluorescence Staining
Gelatin/PVA solution containing curcumin and LR extract were electrospun on the coverslip. L929 cells were seeded on nanofibers in a density of 1 × 10 4 /well and grown on GEL nanofibers at 37 • C for 48 h. After removing the supernatant and washing with PBS for 3 times, the L929 cells were fixed using methanol: acetone 1:1 for 10 min and soaking with 3% milk for 30 min. For the immunofluorescence staining, the nanofibrous membranes were labeled with anti-β-actin antibodies as 1st antibody. After removing the 1st antibody, washed by PBS solution for 3 times and added FITC as the 2nd antibody for 1 h. Then 4 ,6-diamidino-2-phenylindole (DAPI) staining for 10 min was performed for quantitative analysis. 
Streptozotocin (STZ)-Induced Diabetic Models in Rats
SD rats weighing 350-400 g were used. On experimental day 1, all rats were fasted for 24 h prior to STZ treatment. The STZ was dissolved in 50 mM sodium citrate and injected at 55 mg/kg. On experiment day 4, the blood glucose of STZ-injected rats was measured to confirm diabetes condition.
Wound-Healing Measurement in STZ Diabetic Rats
The hair (5 × 8 cm 2 ) on the back of each rat under anesthesia with ether was removed using a hair remover. After removing the skin of four areas (15 × 15 mm 2 ), the wound surfaces were disinfected with I 2 . A GC membrane, GC/L membrane, GC/C membrane, GC/L/C scaffold, a commercial wound dressing (Comfeel ® ), and gauze (control) were placed on the wound surfaces randomly on each rat for 4, 7 and 14 days. The recovery ratio was calculated as (Ai − Au)/Ai × 100%, where Ai is the initial area of the wound, and Au is the area of the unrecovered wound surface.
Histopathological Studies
Skin specimens were cut and immersed in normal 10% buffered formalin for hematoxylin and eosin (HE) staining; the skin specimens were immersed in Bouin's solution for Masson's trichrome staining. The fixed skin specimens were processed routinely and viewed under a light microscope to evaluate collagen formation and wound-healing processes.
Collagen Assay in the Wound Area
Skin samples from the wound area were dried and ground into powder. Ten percent pepsin was mixed with the skin sample powder and incubated at 4 • C overnight for protein extraction. A QuickZyme collagen assay kit was applied for collagen quantitation.
Western Blotting Assay
Eighty µg of each sample was mixed with 5X loading dye and heated at 95 • C for 5 min. The upper layer of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is 3.75% Stacking gel, and the lower layer is 12% separating gel. After loading the protein samples, the electrophoresis runs 120 mV electrophoresis and run for 2-3 h. After electrophoresis, the protein was transferred to the methanol activated polyvinylidene difluoride (PVDF) membrane at 100 volts, 4 • C for 2 h. Remove the PVDF membrane and immerse it in a 5% (w/v) blocking buffer to shake at room temperature for one hour. The PVDF membrane was placed reacted with primary antibody (TGF-β) overnight at 4 • C. After washing three times, added the secondary antibody (2 µL/mL 1X Tris-buffered saline (TBS) and put it at 4 • C for 2 h. After removing the PVDF membrane by washing buffer for 3 times, add Chemiluminescence Reagent Plus was added to capture images with a cold light and fluorescent image processing system.
Inflammation Index Assay
The inflammatory index was detected using TNF-α and IL-6 detection ELISA kit. One hundred µL of the diluted detection antibody (TNF-α, IL-6) was incubated for at least 2 h. Then, 100 µL of the Late Color Development Enzyme was added and incubated for 30 min. After adding 100 µL of TMP solution for 5 min, 100 µL stop solution was added to stop the reaction. The absorbance was measured by ELISA at a wavelength of 450 nm (Molecular Devices, San Jose, CA, USA).
Statistical Analysis
The results are presented as the mean ± standard deviation. Statistical analysis was conducted using Student's t-test or one-way analysis of variance followed by a post hoc Fisher's least significant difference test for multiple comparisons. Levels of statistical significance were set at p < 0.05.
Results
Effects of Curcumin and LR Extract on Cell Viability and Biochemical Function
Cytotoxicity of Curcumin against L929 Cells
L929 cells incubated with curcumin for 24 h at concentrations of 0.002, 0.02, 0.2, 2 and 20 µg/mL. The viability of the cultures was shown in Figure 1 . Following the incubation of L929 cells with 2 µg/mL of curcumin, approximately 15.7% (p < 0.05%) increase in cell viability was observed. L929 cultures treated with curcumin at a concentration of 20 µg/mL showed 84.7% inhibition in cell growth. 
Effect of Curcumin on an in Vitro Cell Migration Assay
L929 cells were planted in 12-well culture dishes and using a tip to draw a line in the middle of the culture dish. Cultures treated with various concentrations of curcumin were observed after 48 h incubation. Figure 2 shows a low level of curcumin, less than 2 g/mL, obtained similar results to the control (Figure 2A -G); the higher level of curcumin (20 g/mL) reduced the cell migration. The result showed that curcumin at the range of 0-2 g/mL had no apparent influence on the migration kinematics of fibroblasts to the wound area (scratch line). 
L929 cells were planted in 12-well culture dishes and using a tip to draw a line in the middle of the culture dish. Cultures treated with various concentrations of curcumin were observed after 48 h incubation. Figure 2 shows a low level of curcumin, less than 2 µg/mL, obtained similar results to the control (Figure 2A -G); the higher level of curcumin (20 µg/mL) reduced the cell migration. The result showed that curcumin at the range of 0-2 µg/mL had no apparent influence on the migration kinematics of fibroblasts to the wound area (scratch line). 
Inhibition Effect of Curcumin on Tyrosinase Activity
Tyrosinase inhibitory activity was determined by a spectrophotometric method using 2 mg/mL L-DOPA as the substrate. As shown in Figure 3 , curcumin at the concentrations of 0.2 and 2 µg/mL inhibited tyrosinase activity by 19.4% and 21.8%, respectively. Curcumin might play a role in preventing excess melanin produced during the wound healing process. Based on the results from the cell viability assay, cell migration assay, and tyrosinase inhibition assay, curcumin at the concentration of 2 µg/mL was used for further experiments. 
Tyrosinase inhibitory activity was determined by a spectrophotometric method using 2 mg/mL L-DOPA as the substrate. As shown in Figure 3 , curcumin at the concentrations of 0.2 and 2 g/mL inhibited tyrosinase activity by 19.4% and 21.8%, respectively. Curcumin might play a role in preventing excess melanin produced during the wound healing process. Based on the results from the cell viability assay, cell migration assay, and tyrosinase inhibition assay, curcumin at the concentration of 2 g/mL was used for further experiments. 
The Drug Loading Concentration of Curcumin and LR Extract
In our previous study, the LR extract at a concentration of 3.12-6.25 g/mL, accelerated the cell viability of L929 fibroblasts and demonstrated antimicrobial activity [16] . Curcumin at the concentration of 2 g/mL promoted cell viability and biochemical function. Based on the drug released efficiency, gelatin nanofibers containing drugs at 200-fold could release an effective dosage of drugs [11] . Thus, 625 g/mL LR extract and 400 g/mL curcumin were added to electrospun gelatin nanofibers.
Morphological and Physicochemical Characterization of GEL Nanofibers
Microscopic Structure Evaluation of GEL Nanofibers
The various gelatin nanofibers electrospun at 0.1 mL/hr at 20 kV had filamentous and highly porous structure. The SEM images of nanofibers were observed by SEM ( Figure 4A -D) and 
The Drug Loading Concentration of Curcumin and LR Extract
In our previous study, the LR extract at a concentration of 3.12-6.25 µg/mL, accelerated the cell viability of L929 fibroblasts and demonstrated antimicrobial activity [16] . Curcumin at the concentration of 2 µg/mL promoted cell viability and biochemical function. Based on the drug released efficiency, gelatin nanofibers containing drugs at 200-fold could release an effective dosage of drugs [11] . Thus, 625 µg/mL LR extract and 400 µg/mL curcumin were added to electrospun gelatin nanofibers.
Morphological and Physicochemical Characterization of GEL Nanofibers
Microscopic Structure Evaluation of GEL Nanofibers
The various gelatin nanofibers electrospun at 0.1 mL/h at 20 kV had filamentous and highly porous structure. The SEM images of nanofibers were observed by SEM ( Figure 4A L929 cells were co-cultured on GEL, GEL/L, GEL/C, and GEL/L/C nanofibrous membrane for 24 h. Then SEM analysis was performed to evaluate the biocompatibility of membranes ( Figure 5 ). In Figure 5A -D, L929 cells were nicely spread on all GEL nanofibers. The GEL membranes, with or without the addition of the drug, created a beneficial environment for cell attachment. For the immunofluorescence assay ( Figure 6 ), the GEL nanofibers (green) were reacted with anti--actin antibodies and labeled with goat anti-mouse FITC antibodies ( Figure 6A-D) . The result of immunofluorescence assay also demonstrated that GEL, GEL/L, GEL/C, and GEL/L/C nanofibers are biocompatible to L929 cells. 
Biocompatibility of Various GEL Nanofibers.
L929 cells were co-cultured on GEL, GEL/L, GEL/C, and GEL/L/C nanofibrous membrane for 24 h. Then SEM analysis was performed to evaluate the biocompatibility of membranes ( Figure 5 ). In Figure 5A -D, L929 cells were nicely spread on all GEL nanofibers. The GEL membranes, with or without the addition of the drug, created a beneficial environment for cell attachment. For the immunofluorescence assay ( Figure 6 ), the GEL nanofibers (green) were reacted with anti-β-actin antibodies and labeled with goat anti-mouse FITC antibodies ( Figure 6A-D) . The result of immunofluorescence assay also demonstrated that GEL, GEL/L, GEL/C, and GEL/L/C nanofibers are biocompatible to L929 cells. Figure 7A shows the appearances of the wound areas that were treated with GC, GC/L, GC/C and GC/L/C scaffolds, commercial (Comfeel ® ) or gauze (control) at seventh day (a), 14th day (b) and 28th day (c) in STZ-induced diabetic rats. On the seventh day, the recovery rates of diabetic rats treated with GC, GC/L, GC/C and GC/L/C scaffold, Comfeel ® or gauze (control) were 43 ± 10%, 53 ± 3%, 54 ± 12%, and 58 ± 7% (p < 0.05), 41 ± 11% and 40 ± 16%, respectively ( Figure 7B ). Treatment with the GC/L/C scaffold on the seventh day achieved the best performance, with a 58 ± 7% increase in recovery rate when compared to that of the control. On the 14th day, the recovery rates of diabetic rats treated with GC, GC/L, GC/C, and GC/L/C scaffold, commercial (Comfeel ® ) or gauze (control) were 75 ± 3%, 76 ± 7% and 79 ± 1%, 76 ± 5%, 66 ± 5%, and 68 ± 6%, respectively. Treatments with GC, GC/L, GC/C, and GC/L/C bilayer scaffold showed a higher recovery rate than the control group. On the 28th day, the recovery rates of diabetic rats treated with GC, GC/L, GC/C, and GC/L/C scaffold, Comfeel ® or gauze (control) were 83 ± 7%, 87 ± 3%, 86 ± 4%, and 87 ± 4%, 81 ± 3% and 85 ± 4% respectively. The recovery rates of all treatments are higher than 80%, with no visible difference between them.
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were 75 ± 3%, 76 ± 7% and 79 ± 1%, 76 ± 5%, 66 ± 5%, and 68 ± 6%, respectively. Treatments with GC, GC/L, GC/C, and GC/L/C bilayer scaffold showed a higher recovery rate than the control group. On the 28 th day, the recovery rates of diabetic rats treated with GC, GC/L, GC/C, and GC/L/C scaffold, Comfeel ® or gauze (control) were 83 ± 7%, 87 ± 3%, 86 ± 4%, and 87 ± 4%, 81 ± 3% and 85 ± 4% respectively. The recovery rates of all treatments are higher than 80%, with no visible difference between them.
A.
B. 
GC/L/C Bilayer Scaffold Increased Collagen Secretion in the Wound Area
In Figure 8A , the skin specimens treated with various wound dressing at the seventh, 14th and 28th day ( Figure 8A ) are shown. The collagen fibers were stained in blue with Masson's trichrome staining. Figure 8B demonstrates that the wounds treated with the GC/L/C scaffold produced higher collagen levels than those treated with the other wound dressings at 7, 14, and 28 days. Compared with the control, the GC/L/C scaffold increased collagen content by 38.03% (p < 0.05), 41.59% (p < 0.05), and 47.58% (p < 0.05) in the wound on the seventh, 14th and 28th days.
In Figure 8A , the skin specimens treated with various wound dressing at the seventh, 14th and 28th day ( Figure 8A ) are shown. The collagen fibers were stained in blue with Masson's trichrome staining. Figure 8B demonstrates that the wounds treated with the GC/L/C scaffold produced higher collagen levels than those treated with the other wound dressings at 7, 14, and 28 days. Compared with the control, the GC/L/C scaffold increased collagen content by 38.03% (p <0.05), 41.59% (p <0.05), and 47.58% (p <0.05) in the wound on the seventh, 14th and 28th days. Figure 9A presents the Western blot analysis of TGF-β protein in wounds with various treatments. The ratio of TGF-β protein band areas are shown in Figure 9B . In comparison with the control, the TGF-β protein increased by 70.3% (p < 0.05%) and 40.15% (p < 0.05%) with GC/C and GC/L/C treatment, respectively, on seventh day. On the 14th day, the TGF-β protein increased by 189.7% (p < 0.05%), 59.3% (p < 0.05%) and 107.5% with GC/C, GC/L and GC/L/C treatment, respectively. The TGF-β protein contents show no obvious difference in wounds treated with commercial dressing and GC nanofibers at seventh and 14th days.
In Vivo Treatments with GC/C and GC/L/C Bilayer Scaffold Increased TGF-® Protein Level in Wounds
treatments. The ratio of TGF- protein band areas are shown in Figure 9B . In comparison with the control, the TGF- protein increased by 70.3% (p <0.05%) and 40.15% (p <0.05%) with GC/C and GC/L/C treatment, respectively, on seventh day. On the 14 th day, the TGF- protein increased by 189.7% (p <0.05%), 59.3% (p <0.05%) and 107.5% with GC/C, GC/L and GC/L/C treatment, respectively. The TGF- protein contents show no obvious difference in wounds treated with commercial dressing and GC nanofibers at seventh and 14 th days.
A.
In Vivo Treatments with GC/L/C Nanofibers Reduced Pro-Inflammatory Cytokines IL-6 and TNF-α Protein Level in Wounds
We show the wounds treated with GC/C, GC/L, and GC/L/C reduced pro-inflammatory cytokines IL-6 level (p < 0.05) on the 14th day in Figure 10A . The TNF-α level in the specimen treated with GC/L/C was reduced by 6.45% (p < 0.05) on the 14th day, in the specimen treated with GC/L, it was reduced by 13.6% (p < 0.05) on the 28th day ( Figure 10B ). We show the wounds treated with GC/C, GC/L, and GC/L/C reduced pro-inflammatory cytokines IL-6 level (p <0.05) on the 14 th day in Figure 10A . The TNF-α level in the specimen treated with GC/L/C was reduced by 6.45% (p <0.05) on the 14 th day, in the specimen treated with GC/L, it was reduced by 13.6% (p <0.05) on the 28 th day ( Figure 10B 
Discussion
Wound healing is a complex process that re-establishes the integrity of the damaged tissue. In this study, we successfully utilized the pharmaceutical effects of curcumin and LR extract within bilayer nanofibrous scaffolds to improve wound healing in an STZ diabetic rat model.
When L-929 fibroblasts were incubated with 2 µg/mL curcumin extract for 24 h, the cell viability increased by up to 15.7% (Figure 1 ). Curcumin at the concentration of 2 µg/mL was capable of reducing 21.8% of tyrosinase activity. It has been reported that a low level of curcumin between 1-5 µg/mL demonstrated no-cytotoxicity [24, 25] . Various studies have shown the infiltration of fibroblasts into wound sites when treated with curcumin in a rat model [26] [27] [28] . The influence of curcumin on cell migration is based on the dosage and cell lines. The high concentration of curcumin (9.2 µg/mL) suppressed cell proliferation and migration in cardiac fibroblasts [29] . Highly migratory cells showed a decrease in migration speed and directionality when treated with 2 or 5 µM (0.74-1.84 µg/mL) of curcumin [30] . In this study, we tried to explore a potential mechanism of curcumin in wound healing by performing the scratch assay. The results showed that curcumin at the concentration of the range of 0-2 µg/mL gave no noticeable effect when compared with the control group. A similar result has been reported, where 4.07 µg/mL did not influence keratinocyte migration [31] .
In order to mimic the structure of the extracellular matrix (ECM), it is appropriate to produce fibers with diameters thinner than 100 nm [32] . The various gelatin nanofibers electrospun at 0.1 mL/h at 20 kV presented filamentous and highly porous structures. The average diameters of GEL, GEL/L, GEL/C, and GEL/L/C are 139.6 ± 59.16, 125.2 ± 35.87, 72.66 ± 21.52, and 102.8 ± 36.01 nm, respectively (Figure 4 ). All four nanofibers are close to 100 nm, GEL/C and GEL/L/C especially. The characteristics of the nanofibers were investigated in our previous study. The water-retention rate of gelatin nanofibers increased by only 1.5-to 1.73-fold after 3-48 h of soaking. The weight losses ranged from 30% to 42.5% after soaking in water for 1-21 days. The contact angles were 44 ± 4 • for the electrospun gelatin membranes [11] . Evidence of immunofluorescence staining further supports that GEL nanofibers with the addition of curcumin and LR extracts are biocompatible to L929 cells ( Figure 6A-D) . Chitosan scaffolds obtain many advantages, like accelerating tissue regeneration, biocompatible, and antibacterial property [6] [7] [8] . The addition of GEL nanofibers onto the chitosan scaffolds to produce the bilayer nanofibrous scaffold could prevent curled deformation of the nanofibers and promote cell adhesion, migration, differentiation, and proliferation [33] [34] [35] .
The wound healing effects of GC, GC/L, GC/C, and GC/L/C bilayer nanofibrous scaffolds were evaluated by incision on STZ-induced diabetic rats. The recovery rates of healthy rats and diabetic rats were about 85% and 45% of the healthy and diabetic rats on the seventh day, respectively. The STZ-induced diabetic rats showed a delayed wound healing process. In order to reduce other influences on the recovery rate, the positions of different treatments on the rats were arranged randomly in each group. Compared with the other treatments (control, commercial, GC, GC/L, and GC/C), the wound area treated with GC/L/C nanofibers showed the highest recovery rate (58.7%, p < 0.05%) on the seventh day ( Figure 7B ). On the 14th day, the recovery rates of control (gauze), GC, GC/L, GC/C, and GC/L/C treatments were 68 ± 7%, 75 ± 3%, 76 ± 7% and 79 ± 1%, 76 ± 5%, respectively. GC membranes, with or without drug addition, all showed a higher recovery rate than the control group. On the 28th day, the recovery rates of diabetic rats with various treatments were higher than 80%, with no apparent difference between all treatments.
Assessment of collagen content in wound tissues of control and other treated wounds showed a significant increase in the amount of total collagen observed in GC/L/C-treated wounds (Figure 8 ). There was no difference in the content of Type I collagen (data not shown). It has been reported that more type III collagen is synthesized than type I collagen [36] . Type III collagen is associated with an early increase in the proliferation phase, which may function in providing wound structure and support for further wound healing. In the tissue remodeling phase, the last stage of wound healing, collagen type III is replaced by the stronger type I collagen [37] [38] [39] . Compared with the control group, the wound area treated with GC/L/C obtained 41.6%, 38%, and 47.6% increase of total collagen on the seventh, 14th, and 28th days, respectively. It might suggest that a GC/L/C bilayer scaffold increases collagen synthesis and function in providing wound structure and support for further wound healing.
TGF-β is released in wound areas following tissue damage through platelet degranulation, which plays a crucial role in the process of wound healing. It has been reported that curcumin and shikonin (the active principle in the root of Lithospermum) promote TGF-β release in wounds [17, 40, 41] . The wounds treated with GC/C, GC/L, and GC/L/C bilayer scaffolds obtained a higher level of TGF-β release on the 14th day in the Western blotting analysis (Figure 9 ).
Pro-inflammatory cytokines, IL-6 and TNF-α, might function as inflammatory biomarkers. These results could provide evidence for the anti-inflammatory effects of the addition of curcumin and LR extract within GC nanofibers. Evidence showed that the levels of IL-6 and TNF-α in STZ diabetic rats in human skin wounds. Compared with the control, GC/C, GC/L, and GC/L/C bilayer scaffold treatments decreased the IL-6 level on the 14th day (p < 0.05%) ( Figure 10A ), GC/L/C bilayer scaffold treatments decreased the TNF-α level on the 14th day (p < 0.05%) ( Figure 10B ). These results could provide evidence for the anti-inflammatory effects of the addition of curcumin and LR extract within the GC bilayer nanofibrous scaffold. It has been reported that the levels of IL-6 and TNF-α in STZ diabetic rats are higher than healthy rats [42] . It might explain that no apparent effect of GC/C, GC/L and GC/L/C treatments was observed within the first week.
Curcumin and LR extracts performed different effects in wound treatments. According to the results of the Western blotting assay and histopathological studies, GC/L treatment obtained better performance in increasing collagen synthesis (Figure 8 ), and GC/C treatment showed a higher level of TGF-β protein secretion (Figure 9 ). The treatment of incision wounds in STZ diabetic rats with GC/L/C bilayer membranes demonstrated a potent curative activity, which might be attributed to the synergistic effect of the addition of curcumin and LR extract.
Conclusions
Gelatin nanofibers containing curcumin and LR extract were electrospun onto chitosan scaffolds to manufacture bilayer nanofibrous scaffolds with a healing effect. The benefits of the highly porous GC/L/C bilayer scaffold could reduce the frequency of dressing changes and minimize discomfort. In an STZ diabetic rat model, the GC/L/C bilayer scaffold out-performed the control groups in terms of collagen synthesis, TGF-β production, anti-inflammatory effect, and promoted the wound healing process. Based on their wound healing activity, the GC/L/C bilayer nanofibrous scaffold could be an excellent candidate for wound dressing.
